commodities and animals has proven an effective means of preparing animals for harvest and has been emulated in other countries. As commodities and animals are moved through the production system, nutrients associated with them are carried as well, and their fate and environmental impact need to be accounted for.
Most beef feedyards in the Southern Great Plains feed a corn-based diet, formulated to contain approximately 13.5% crude protein (CP, dry matter basis) (Vasconcelos and Galyean, 2007) . However, several researchers have noted that decreasing the CP concentration in the diet can result in a decrease in the volatilization of ammonia (NH 3 ) from animal production facilities (Cole et al., 2005; Todd et al., 2006) . Frank and Swensson (2002) found that NH 3 release from manure was reduced with lowered CP (from 17% to 13%) in the ration of dairy cows in Sweden. However, they found that while NH 3 emissions from manure were reduced, milk quality also tended to be reduced, although they cautioned that the form of the protein had a greater effect on milk quality than did overall CP percentage.
In a feedyard, NH 3 moves from the source area (i.e., the pen surface) to the atmosphere. While the atmosphere can be considered a source of NH 3 deposition when the atmospheric ammonia concentration is higher than the concentration at the feedyard surface, this rarely occurs and the feedyard is commonly considered to be the only source of ammonia emission. Ammonia flux, defined as the rate of ammonia volatilization per unit area of feedyard surface in units of mass area -1 time -1 , depends on several factors, including pen surface pH, pen surface and air temperatures, wind speed, moisture content of the source area, and nitrogen (N) concentration in the source (Duyson et al., 2003) . Several researchers have established that most of the NH 3 in concentrated animal feeding operations (CAFOs) is volatilized from urine spots, as opposed to feces (Stewart, 1970; Ball et al., 1979; Hutchinson et al., 1982; Vallis et al., 1982; Whitehead and Raistrick, 1991; Harper et al., 2004; Cole et al., 2005; Koziel et al., 2005) . Vallis et al. (1982) reported that within 2 h of urination up to 80% of the urea in urine can be hydrolyzed to ammonium, which is easily transformed to NH 3 and therefore readily available for volatilization.
The pathway for conversion of urea to NH 3 is presented in equations 1a to 1c (Hausinger, 2004) As the pH increases, reaction 1c favors the release of NH 3 , whereas at low pH (<6.5), most ammoniacal N is found in NH 4 + . As pH increases (>8), a molecule of urea, in the presence of water and urease, hydrolyzes rapidly into two molecules of NH 3 .
Although the method and primary source of NH 3 volatilization for feedyards has been well established, there have been little data published on long-term concentration measurements and fluxes at beef cattle CAFOs. The objectives of this research were to:
S Quantify ambient NH 3 concentrations in a feedyard over an extended period of time. S Estimate flux density based on local climate measurements using a backwards Lagrangian stochastic model. S Calculate an NH 3 emission coefficient for a beef cattle CAFO pen surface.
METHODS AND MATERIALS

FEEDYARD
The participating feedyard in this study has a one-time feeding capacity of 24,000 cattle and is located in the Texas Panhandle ( fig. 1 ). Feedyard pen dimensions were 695 m × 420 m (pens, feed alleys, and drovers alleys inclusive). The runoff retention pond dimensions were 595 m × 77 m. This particular feedyard was selected based on its relative isolation from other CAFOS in the area and the rectangular geometry of the pen layout. No other CAFOs were located within 8 km upwind (in the direction of the predominate prevailing winds) of the feedyard. The per annum capacity of the feedyard, assuming a turnover of 2.25 times per year, would be 54,000 head. The feedyard population consisted of mostly crossbred steers and heifers with an average weight of 340 kg. Animal weights ranged from 225 kg for both steers and heifers to 475 kg for heifers and 625 kg for steers. While not all ration information was available due to proprietary concerns, the feedyard in this study fed four different rations based on the weight and acclimation of the cattle on feed. Newly arrived cattle were fed ration 1, which had the greatest roughage to concentrate ratio, while finishing cattle were fed ration 4, which had the greatest concentrate to roughage ratio. Ration 4 comprised 90% of the fed diets, with rations 1, 2, and 3 equally split for the remainder. Diets were based on steamflaked corn and corn silage. Crude protein concentrations in all rations varied slightly from month to month throughout the study period, but they averaged about 13% (DM basis) (data supplied by feedyard). The feedyard harvested manure as requested by local farmers for land application. This occurred two to three times per year and was typical of the majority of commercial feedlots in the area. Manure harvesting consisted of scraping the manure pad down to the "hard pan," which was a densely compacted transitional layer between the manure and underlying soil. This scraped manure was temporarily stockpiled in the center of the pen. A front-end loader was then used to load manure into a spreader truck, which transported the manure to the field where it was applied.
AMMONIA SAMPLING
Ammonia concentrations were monitored at a height of 3.3 m above the pen surface in the center of the feedyard pen area ( fig. 1 ). While no background measurements were made at the location, ongoing work conducted by Auvermann (2009, unpublished) determined that the annual mean of atmospheric NH 3 for the geographic area to be about 0.0045 ppm. This was assumed to be the background concentration at the feedyard. Ammonia was measured continuously with a chemiluminescence analyzer (model 17C, Thermo Environmental Instruments, Franklin, Mass.) located inside a temperature-controlled instrument shelter.
The analyzer was calibrated weekly using instrumentgrade air, certified standard span NH 3 gas in air (98 ppm, diluted to 4.66 ppm with instrument-grade air), and NO in nitrogen (50 ppm, diluted to 4.55 ppm with instrument-grade air) (AirGas Southwest, Amarillo, Tex.). The TEI 17C ammonia analyzer has a lower detectable limit of 0.001 ppm and accuracy of 1% of the full range setting. The instrument shelter was a modified 1.5 m × 2.1 m box trailer with a 3.9 kW air-conditioning unit. Data were recorded on a Campbell Scientific CR23X data logger using analog outputs from the analyzer. Ammonia concentrations were scanned every 10 s and averaged over 5 min. Data were downloaded weekly.
WEATHER DATA COLLECTION
An onsite weather station (model 6004-2, Unidata, Inc., Perth, Australia) was located on the prevailing upwind side of the feedyard. Data were collected for 2 m wind speed, wind direction, air temperature, solar radiation, and rainfall. A 10Ăm tower was located on the prevailing downwind side of the feedyard beginning in May 2007. The tower was instrumented at both 2 and 10 m with identical wind speed, wind direction, and ±0.1°C thermistors. Data were collected every 5 min and downloaded from both data loggers weekly. Selected data (wind speed, temperature, and rainfall) and mean deviations from long-term area means are summarized in table 1. Neither wind speed nor temperature were appreciably different from reported monthly means for the Amarillo area (NOAA, 2008) (table 1) . A total of 435 mm of precipitation fell during the sampling period, which was slightly less than the average of 500 mm for this same period (table 1) .
DATA QUALITY ASSURANCE/QUALITY CONTROL
All data collected during each calibration cycle and 30Ămin after were removed from the data set. This allowed the analyzer to return to equilibrium. The TEI 17C operates best under room temperature (22°C) or cooler conditions. On two different occasions, the air cooling system malfunctioned during the warmest part of the summer, causing the temperature inside the lab trailer to exceed 32°C. This resulted in high temperatures in the convertor box of the TEI 17C, which could have affected the quality of the data; thus, those data were removed.
EMISSIONS MODELING
Flux density was modeled using WindTrax ver. 2.0.7.8 (Thunder Beach Scientific, Nanaimo, British Columbia, Canada). WindTrax is a backward Lagrangian stochastic (bLs) model that predicts emissions based on random particle placement upwind of a concentration sensor. The bLs model simulates the transport of particles from a source to a measurement location, and predicts the ratio of the average concentration to the emission rate (C/F) sim Sommer et al., 2005 ). The emission rate is then inferred by the following relationship:
where F bLs = inferred emission rate
= ratio of concentration to emission rate.
WindTrax calculates the upwind trajectories of large numbers of particles based on wind and turbulence conditions. The ratio (C/F) sim is estimated by surface touchdowns of the particles:
where N is the total number of computational particles released from the source area (the summation covers only touchdowns within the source area), and w 0 is the vertical touchdown velocities.
As a minimum, WindTrax needs only four observations for calculations: mean wind speed, wind direction, roughness length, and atmospheric stability, which can be expressed in a number of ways (Gao et al., 2009 ). Flesch and Wilson (2005) conducted a sensitivity analysis of WindTrax and found it to be a robust model. They determined that some of its strengths included: experimental simplicity, absence of limitations on the size and shape of the source, and flexibility in the type and location of the concentration sampler. McBain and Desjardins (2005) found that WindTrax is relatively insensitive to minor upwind obstructions (e.g., fences, windbreaks, and water tanks if the distance between the obstruction and the concentration sensor is large). Sommer et al. (2005) evaluated WindTrax and found that this technique under-estimated NH 3 emissions from small plots by 16% to 24%. They attributed this error to the long averaging times (5Ăto 6 h) needed for sample collection. Several researchers have indicated that the bLs technique requires short sample integration times (15 to 60 min) so that the atmospheric stability requirements under the Monin-Obukhov similarity theory (MOST) are not violated , 2004 Sommer et al., 2005; Todd et al., 2008) .
Model input data consisted of 5 min averages of wind speed (at 2 and 10 m elevations above the pen surface), wind direction, ambient temperature, and NH 3 concentration. Pasquill-Gifford (P-G) stability class was also calculated on a 5 min time period. The surface roughness length (z o ) was set to 0.10 m following the study by Todd et al. (2008) , who calculated it using sonic anemometer data from a 55,000-head capacity commercial feedyard in the Texas Panhandle. The U.S. Environmental Protection Agency (EPA) has also classified terrains in terms of effective z o . Terrain with a z o of 0.10 m is described as "low crop with occasional large obstacles, where the typical distance to the upwind obstacle divided by the height of the obstacle is >20Ăfeet" (EPA, 2000) .
WindTrax uses MOST, which applies to steady-state, horizontally homogenous conditions in the surface layer (EPA, 2000) . The time scale for model inputs, therefore, should not exceed 1 h, nor should it be less than 5 min. This decreases the likelihood that assumptions under MOST will be violated. Temperature and wind speed measurements must be representative of a layer that is both high enough to be outside the influence of the surface roughness elements and low enough to be within the surface boundary layer. Typically, the measurements should be taken from 20 to 100Ătimes z o above the surface. Thus, for a z o of 0.10 m, measurements should be taken at 2 to 10 m above the surface (EPA, 2000) .
The pen source area was mapped into WindTrax with the aid of Google Earth (http://earth.google.com). Polygons of the pen were drawn over the satellite photograph. The pen source area was defined as fenced manure surfaces either occupied or recently occupied with cattle. All service roads and feed alleys were excluded from the source map. Also excluded from the source area were the runoff retention structure and the settling basins. Ammonia emissions from beef cattle runoff retention ponds have been determined to be <5% of total NH 3 emissions from a feedyard; thus, the retention pond was ignored as a source in this study Todd et al., 2008) .
The stability class input was determined by use of the solar radiation/delta temperature (SRDT) method (EPA, 2000) (table 2). The vertical temperature gradient was determined by the differences between air temperature measurements at recommended heights of 2 and 10 m (EPA, 2000) . The P-G stability classes range from very unstable (A) to neutral (D) to very stable (G). WindTrax tends to operate best when the stability is in the B to F range and does not work well under very unstable conditions, i.e., very sunny and low wind speeds. Figure 2 shows the frequency of stability classes that were used as inputs. Approximately 1% of the inputs into WindTrax occurred under very unstable conditions ( fig. 2 ). These were not removed from the data set, as it was believed that they would have little impact on the overall mean estimated emission rates. 
RESULTS AND DISCUSSION
AMBIENT CONCENTRATIONS Monthly NH 3 minimum, quartile, median, mean, and maximum concentrations are presented in table 3. Ammonia concentrations tended to be greatest in the summer months (June, July, August) and lowest in the winter months (December, January, February). Ammonia concentrations in the spring (March, April, and May) and autumn (September, October, and November) were about the average of the summer and winter months, and were very close to the annual average.
Individual 5 min NH 3 concentrations exceeded 2.0 ppm on 22 days. Daily averages exceeded 1.0 ppm on 18 days, and monthly averages never exceeded 0.8 ppm. There were five days in June 2007 (days of the year 172 to 176), ten days in August 2007 (days of the year 214 to 219 and 222 to 225), and three days in September 2007 (days of the year 255, 264, and 267) during which daily averages exceeded 1.0 ppm. Wind speeds for those 18 days ranged from 2.6 to 5.0 m s -1 , which was at, or below, the mean wind speed at the feedyard (tableĂ1). Ambient temperatures for those 18 days ranged from 19.5°C to 26.1°C, which were also near the average at the site (table 1) . A considerable amount of manure was harvested from the pen between July and September 2007. It was probable that disturbance of the manure pack due to manure harvesting, coupled with low wind speeds that occurred upwind of the sampler, contributed to higher NH 3 concentrations.
Typical rural NH 3 concentrations have been reported to be approximately 0.7 ppb (WHO, 1986) . In contrast, 
DIEL CONCENTRATION VARIATION
Diel variation (i.e., variation occurring over a 24 h period) in NH 3 concentrations was evident across all months. Concentrations were least during early morning hours and greatest during early afternoon across all seasons ( fig. 3) . Wintertime low concentrations were lower than all other seasonal low concentrations by about one-half. All seasons had similar high concentrations of around 0.8 ppm. A majority of the manure harvesting activity took place during the warmer periods of the spring and summer. It is probable that disturbance of the manure surface from the harvesting equipment caused elevated NH 3 concentrations, as there were several NH 3 spikes during this time period. However, no documentation of manure harvesting in relation to the concentration sensor was documented.
FLUX DENSITY
Monthly NH 3 minimum, quartile, median, mean, and maximum flux densities are presented in table 4. Seasonal variation of NH 3 flux density followed the same pattern as NH 3 concentrations. Summer fluxes were greater than winter, with autumn fluxes being intermediate. Other researchers have reported that cold air temperatures decrease NH 3 emissions (Adriano et al., 1974; Todd et al., 2008; Cole et al., 2009) . Mean monthly ammonia flux density ranged from a low of 42.7 mg m -2 s -1 to a high of 108.9 mg m -2 s -1 in November and April 2007, respectively. The large flux densities observed in the spring months were not anticipated. Annual mean flux density was 70.7 mg m -2 s -1 (table 4) . This is consistent with Todd et al. (2008) , who reported a summertime emission rate of 70 mg m -2 s -1 for a Texas feedyard and somewhat lower than McGinn et al. (2007) , who reported an average annual emission rates of 84 mg m -2 s -1 for a similarly sized feedyard in Canada.
April flux densities were substantially greater than all other months (table 4), although ambient concentrations were not greater (table 4). April was a very dry, windy month, receiving only 20 mm of precipitation as compared with the historical average precipitation of 33.8 mm. Air temperature ranged from -3.3°C to 28.9°C, with an overall monthly mean of 11.4°C. Wind speed more than likely offered the greatest influence to elevated fluxes. Winds ranged from 0 to 74 km h -1 with a mean of 20.7 km h -1 (5.8 m s -1 ). There were 15 days with maximum wind speeds greater than 40 km h -1 (11.1 m s -1 ). In addition, precipitation in March was approximately three times the normal rainfall. It is probable that NH 3 was held in the aqueous phase in March, resulting in a "flush" of NH 3 emissions in April. Todd et al. (2008) conducted six field campaigns beginning in the summer of 2002 and ending in the spring of 2005 at a 55,000-head Texas feedyard. They measured NH 3 concentrations using flux gradient methods through three summers, two winters, and one spring season. They found that winter flux densities were about 50% of summer flux densities. In contrast, we found winter emission rates to be about 75% of summer rates based on one calendar year.
DIEL FLUX DENSITY VARIATION
Diel variation (i.e., variation occurring over a 24 h period) in NH 3 flux densities was evident across all months. Flux densities were least during early morning hours and greatest during early afternoon across all seasons ( fig. 4 ). Winter time low concentrations were lower than all other seasonal low concentrations by about one-half. Spring, summer, and fall flux densities all peaked at about 140 mg m 2 s -1 , while winter flux density peaked around 120 mg m 2 s -1 (fig. 4) .
McGinn et al (2007) saw similar diel patterns from a feedyard in Canada, although they had a much larger range of flux density than what we found. That would most likely be attributable to differences in environmental conditions between feedyard locations.
NITROGEN MASS BALANCE
Modeled NH 3 emissions from the pen surface were compared with the mass balance of N for the feedyard. Monthly ration samples were collected from feedbunks and analyzed for total N. Total fed N was calculated based on diet N concentration and the total feed fed in the feedyard on a monthly basis. The NH 3 -N daily emission rate was calculated from the modeled flux densities and compared with the average daily fed N rate. The total fraction of fed N lost as NH 3 -N averaged 48.8% (table 5) , with monthly values ranging from 29% to 64% for all months except April, which was 85.0%. However, March 2007 was a wetter month than normal (table 1), so it was hypothesized that the wetter pen surface actually held the NH 3 in an aqueous phase. Then, as the pen surface dried, a "flush" of NH 3 -N was emitted in April. This agrees with other work that suggests that NH 3 moves with moisture (Ernst and Massey, 1960; Cole et al., 2009) .
The fraction of N lost as NH 3 (48.8%) in this research was similar to the 45% reported by Todd et al. (2008) , lower than the 63% to 65% loss reported by Flesch et al. (2007) for Texas feedyards, and lower than the 63% reported by McGinn et al. (2007) for a feedyard in Canada. Erickson et al. (1999) reported 52% to 63% of fed N was lost as NH 3 via volatilization at an experimental feedlot in Nebraska, which compares well with what we observed.
NH 3 PEN SURFACE EMISSION COEFFICIENT
Emission factors (EFs) are used to by regulatory agencies to determine pollutant discharges. Beginning 20 January 2009, animal agricultural operations emitting 100 lbs or more per day of either NH 3 or hydrogen sulfide (H 2 S) were required to report these emissions from their facilities under the Emergency Planning and Community Right-to-Know Act (EPCRA). Under this ruling, a beef cattle feeding operation in Texas would begin reporting emissions when they reached 625 animals. This feedyard falls well within that criterion. The EPA lists NH 3 as a compound of concern, as it has been determined that NH 3 in the presence of oxides of nitrogen and sulfur (NO x and SO x , respectively) is a precursor for the production of fine particulate matter (PM). Therefore, accurate emission factors that reflect both climate and management practices need to be in place.
Determination of accurate whole-farm EFs can be a difficult, time consuming, and expensive prospect. Several approaches are listed in the literature, ranging from mathematical to labor-intensive micrometeorological techniques. Among the simplest is that listed by the European Environmental Agency (EEA) (Van Der Hoek, 1998) for beef animals in Europe. The EEA determined EFs by multiplying average N excretion per animal by an NH 3 volatilization percentage for NH 3 loss for housing, manure storage, manure spreading, and grazing. The summation of these four categories resulted in total emissions estimates of 14.3 kg NH 3 animal -1 year -1 for beef cattle. These factors were calculated for what was determined to be one "average" animal present on site for 365 days. The EEA also determined that uncertainties in ammonia emission factors were in the range of 30%.
Emission factors should account not only for the species of animal but also the management (types of feed, stocking density, pen drainage, manure harvesting schedule), production stage (cow-calf vs. stocker vs. finishing), and environmental conditions and climate (semi-arid vs. tropical, rainfall, wind speed). Thus, emission factors need to be geographically as well as species specific, while accounting for management practices.
The development of an EF requires measurements over a variety of conditions, such as summer vs. winter, or wet vs. dry conditions. As is evident in table 1, climate conditions can vary greatly, even on a monthly basis. However, when averaged over an annual basis, deviations may not be as great. Climate unquestionably determines NH 3 emissions from feedyards. Several researchers have shown that summer emissions tend to be about two times the winter emissions (Erickson et al., 1999; Flesch et al., 2007; Todd et al., 2008) . From this, it is evident that short-term measurements or measurements taken during a single season will more than likely be inadequate for determining an effective and useful EF. The data presented in table 1 indicate that, although monthly averages can and did deviate from normal, yearly averages were very close to normal. This would indicate that the study period should be representative of climate conditions for the geographic area.
In the present study, a pen surface emission coefficient (EC) is presented rather than a whole-farm emission factor in view of the fact that the retention pond, settling basins, and potential losses from land application are not accounted for. The EC was calculated based on the number of head fed in one year by the feedyard. The estimated annualized mean daily emission rate of 1,698 kg d -1 was divided by the annualized mean head on feed (table 5) . This resulted in an emission coefficient of 85.3 g head -1 d -1 from the pen surface (table 6) .
For comparison, NH 3 -N EFs reported by other researchers are presented in table 6. Although there are several listed that were derived in Europe, caution must be utilized in making these comparisons. The management of cattle in Europe differs considerably from management in a typical U.S. beef cattle feedyard. Normal European management practices incorporate both a "stable" and a "pasture" combination for cattle. Cattle are kept in a stable about 40% of the year and are on pasture the remaining 60%. During the stable rotation, A lack of consistency in the calculation basis of an EF is apparent from table 6. This lack of standardization can lead to difficulty in making direct comparisons of results. A capacity-based EF is calculated on the permitted number of head that a facility is allowed multiplied by the number of "turnovers" that is typical of that facility. For example, a feedyard with a permitted capacity of 25,000 head that has an average feeding time of 150 days will be able to feed a total capacity of 60,833 head year -1 . This can typically lead to a lower emission rate on a per-head basis, as most feedyards are unable to operate at full capacity. Another method is to base the calculation on a production scale. This requires a good working relationship with the feedyard, as the actual number of animals on feed is required. This will typically lead to a higher emission rate on a per-head basis. To this point, little work has been to determine which method will yield the most accurate and useful result. Todd et al. (2008) differentiated source area from a feedyard on the Southern High Plains. The feedyard studied by Todd et al. (2008) had approximately two times the feeding capacity of the feedyard studied here, although similar types of cattle were fed in both yards. Todd et al. (2008) based their EF calculations on a capacity basis, i.e.,Ătotal one-time capacity (45,000 head) × turnovers (2.25 per year). Conversely, we calculated a pen EC on a production basis (actual number of animals fed in a year). By recalculating Todd's numbers to a production basis (i.e.,Ă4430Ăkg NH 3 -N d -1 / 44,651 head on the yard at time of sampling), an EF of 99.2 g NH 3 -N head -1 d -1 results, which compares well with the EC determined in this study.
Caution is urged in the application of this EF to circumstances that may vary significantly from conditions found in this area. The feedyard used in this study was typical of the feedyards in the area in management of cattle, manure, and diet formulation. The EF presented here should be a good indication of NH 3 emissions when averaged over a year for similarly managed feedyards. The introduction of other feedstuffs, such as wet distillers grains, into the diet can potentially effect NH 3 emissions, especially if the diets have an increase in CP.
CONCLUSIONS
The following conclusions were drawn from this research: S Ambient NH 3 concentrations measured at 3.3 m height in the center of a feedyard for a calendar year ranged from 0.37 to 0.77 ppm, with an average annual concentration of 0.57 ppm. S Flux densities calculated using a backwards Lagrangian stochastic model ranged from 42.7 to 123.1Ămg m 2 s -1 , with a mean of 70.7 mg m -2 s -1 . S A per-head pen surface emission coefficient was calculated as 85.3 g NH 3 -N (head fed) -1 day -1 . Additional research questions were raised during this study. Several methods are available for NH 3 measurement; however, at this time they are not comparable, as different methods can provide different results Hudson and Ayoko, 2008) . Greater understanding of comparative measurement techniques is critical to aid both producers and regulatory agencies. While several researchers have established that overfeeding of N can result in greater production of NH 3 , little work has been done to establish best management practices that meet the nutritional requirement of the animals, reduce negative environmental and social impacts, and remain economically feasible. Development of a process-based model that accurately describes movement of N through a feedyard setting would be a useful tool for describing areas that could be inefficient in any of the above areas.
